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In this paper we aim at summarizing the current definitions of
resilience in systems ecology with particular attention towards mi-
crobial systems. The recent advances of biomolecular techniques
have provided scientists with new tools to investigate these systems
in greater detail and with higher resolution. Therefore existing con-
cepts and hypotheses have been revisited and discussed with respect
to their applicability for ecosystems ruled by microbial processes.
This review has also led to some reflections on the suitability of the
term “resilience” as a general goal in environmental policies.
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INTRODUCTION
Currently, the term resilience is frequently used in the frame-

work of environmental protection strategies. Especially in the
case of subsoil and groundwater ecosystems management, the
use of resilience has gained in popularity although only few
studies have investigated resilience in those systems and the
consensus on parameters that can or should be used for a proper
evaluation has not been reached yet.

A review of the literature of the last decade shows that the
concept of resilience in systems ecology has been applied in
numerous studies over the past fifty years: a variety of defini-
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tions have been formulated and a large number of experimental
approaches to test them have been proposed. In contrast, only
a few studies have investigated the resilience of subsoil and
groundwater ecosystems including the microbial community
structure and function. Moreover, the necessary simplification
required to approach such studies has inevitably brought one to
“collapse” the microbial community into one (bacteria) or few
functional groups (for example, nitrogen fixers, decomposers,
methanogens) and very few studies have described stability and
resilience in a solely microbial ecosystem.

While scientists are developing new tools and applying novel
methodologies to study these systems at different scales and
resolution, environmental policymakers and managers should
be aware of gaps and open questions in theories and adopt the
term “resilience” with caution, without confusing it with gen-
erally accepted and well defined concepts like biodegradation
or natural attenuation. The ability of groundwater ecosystems
to decrease the concentration of a pollutant in the environment
is referred to as natural attenuation, and biodegradation (bio-
logical transformation of a compound) is one of the processes
with which pollutants can be removed. These two concepts have
clear positive connotations and, in case of a polluted environ-
ment, are desirable. Resilience is an ecological term that defines
the ability of a system to react to a certain perturbance, as de-
scribed in the following paragraph, but is not necessarily a pos-
itive concept: a polluted system can be very resilient to change,
for example towards active remediation or the introduction of
bacteria able to degrade that specific contaminant, and as a con-
sequence it might be very difficult to modify it. Whether or not
high resilience is good therefore depends upon the system under
investigation.

101

D
o
w
n
l
o
a
d
e
d
 
B
y
:
 
[
U
n
i
v
e
r
s
i
t
y
 
o
f
 
I
l
l
i
n
o
i
s
]
 
A
t
:
 
0
0
:
1
2
 
7
 
N
o
v
e
m
b
e
r
 
2
0
0
8
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The advent of new approaches, independent of cultivation
and amenable to high-throughput analyses of a large number
of samples, at high temporal and spatial resolution, urges us
to revisit existing concepts and hypotheses and discuss their
applicability to ecosystems ruled by microbial processes. With
this review we aim at revisiting the existing ecological con-
cepts and hypotheses in order to provide a non ecologist reader
with sufficient background to further discuss the concept of re-
silience in real field conditions, to evaluate the difficulties that
are still unsolved and the applicability of this concept in envi-
ronmental protection strategies of ecosystems ruled by microbial
processes.

Definition
The etymology of the word “resilience” derives from the

Latin “resilire” which means “to spring back” or “rebound” and
is described as springiness or elasticity (http://www.biology-
online.org/dictionary.asp). In general terms, it is a word used to
denote the dynamic feature of a system. It has been first adopted
in physics (as the energy per unit volume absorbed by a material
when it is subjected to strain, or the maximum value of this at
which the elastic limit is not exceeded) (Grime 2003). Resilience
can also be found in the field of psychology where it has been
defined as the ability “to overcome the odds and achieve bet-
ter than expected, to adapt in spite of stressful experiences and
to recover from a single traumatic experience” (Waller 2001;
Johnson & Wiechelt 2004).

In ecology various definitions have been used to suit the scale
or the system that was under investigation: narrowing the def-
inition makes it, from a practical perspective, more suitable to
work with, However, such a reductionistic approach makes it
more difficult to find and support one central theory in ecology
(Loreau et al. 2001; Ulanowicz 2003).

Resilience and Stability in Ecological Literature
A milestone with respect to the application of the resilience

concept to ecosystems is represented by the early work of Holling
who, in 1973, proposed that the behavior of ecological systems
should be defined by two distinct properties, resilience and sta-
bility, where “Resilience determines the persistence of relation-
ships within a system and is a measure of the ability of these
systems to absorb changes and still persist. In this definition,
resilience is the property of the system and persistence or prob-
ability of extinction is the result.

Stability, on the other hand, is the ability of a system to re-
turn to an equilibrium state after a temporary disturbance. The
more rapidly it returns, and with the least fluctuation, the more
stable it is. In this definition stability is the property and the
degree of fluctuation around a specific state the result” (Holling
1973). One important realization is therefore that, in an eco-
logical sense, resilience and stability are concepts that cannot
be separated (DeAngelis 1980; DeAngelis et al. 1989; McCann

2000). As a matter of fact, the concept of stability in ecologi-
cal systems was already described by Darwin and MacArthur.
Darwin in1859 proposed that an area is more ecologically sta-
ble if it is occupied by a large number of species, and similarly
MacArthur earlier suggested that the addition of species sta-
bilizes an ecosystem by increasing the number of ecological
functions present (MacArthur 1955).

Later in 1968 Margalef defined the stability of a system as its
ability to return to a state reasonably close to its original state in
the presence of perturbations (Walter 1980).

The use of the term “resilience” in ecological studies first ap-
peared in the late 1950s and referred to the amplitude of changes
brought about by disturbance and the dynamics of post distur-
bance recovery (Elton 1958).

A comparison of these early definitions suggests that they
are prone to confusion. Therefore in 1996 Holling proposed that
the concept of ecosystem stability does actually present two
contrasting aspects: one that focuses on maintaining efficiency
of functions, which corresponds to engineering resilience, and
one that focuses on maintaining existence of function which was
named ecological resilience (Holling 1996a).

Most of the existing definitions can also be grouped under
these two concepts.

The concept of engineering resilience assumes the existence
of global stability: only one equilibrium steady state exists, or, if
other operating states exist, they should be avoided by applying
safeguards (Holling 1996a). Consequently, even if several steady
states can occur, resilience has meaning only for locally stable
systems, and, moreover, only in closed systems and for perturba-
tions that redistribute matter within a given system (DeAngelis
et al. 1989). Engineering resilience, as defined by Holling, con-
centrates on stability near an equilibrium steady state, where
resistance to disturbance and speed or time of return to the
equilibrium are used to measure the property (Holling 1973;
DeAngelis 1980; DeAngelis et al. 1989; Tilman and Downing
1994; Griffiths et al. 2000; McCann 2000; Ulanowicz 2003).

In terms of stability landscapes, as depicted in Figure 1, the
engineering resilience refers to characteristics of the shape of
the cup, while the slope of the sides dictates the return time of
the ball to the bottom or the equilibrium (Gunderson 2000).

The second definition, ecological resilience, emphasises con-
ditions far from the equilibrium steady state, where instabilities
can flip a system into another regime of behavior—that is, to
another stability domain (Holling 1973). In this case the mea-
surement of resilience is the magnitude of disturbance that can
be absorbed before the system changes its structure by changing
the variables and processes that control behavior. This concept
can be visually represented by the width of the stability domain,
or valley (Figure 1).

Ecological change is not continuous and gradual and struc-
tural instabilities are common in ecosystem models. Continu-
ous changes in the level of nutrient input can lead to discon-
tinuous changes in community structure: it allows new species
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RESILIENCE OF MICROBIAL SYSTEMS 103

FIG. 1. Ball and cup heuristic of system stability. Valleys represent stability
domains and balls represent the system. Engineering resilience is determined by
the slopes in the stability landscapes, whereas ecological resilience is described
as the width. Disturbances would be pushing the system up the slope. If resilience
is high (A) much bigger disturbances would be needed to push the system
into another attraction domain and the speed of return to equilibrium is higher.
Ecological change may modify the shape of the domain and decrease system
resilience (B) or move the system to another equilibrium point (C). Adaptive
capacity refers to the ability of the system to remain in a stability domain, as
the shape of the domain changes (as shown by the three slices or landscapes)
(Gunderson 2000).

on higher trophic levels to successfully invade; it changes the
balance between competing species, causing sudden replace-
ment of some species by others (DeAngelis et al. 1989; Holling
1996b; Ulanowicz 2003). Because several stability domains can
exist, the main focus is on keeping the ecosystem within some
bounds rather than at a stable point (Walter 1980; Holling 1996a;
Häggblom et al. 2000; Bengtsson 2002).

It is important to note that the stability and resilience concept
can be applied to two distinct components of an ecosystem: the
structural biotic component (communities) and the process com-
ponent (the flow of matter or energy among the functional com-
partments). The stability of each of these components is usually
not related and for example microbial communities with greater
stability of diversity would, paradoxically, have less stability of
function because of a lower functional redundancy (Fernandez
et al. 1999; Fernandez et al. 2000; Hashsham et al. 2000; Briones
& Raskin 2003). Also within the ecological definition of re-
silience the focus can be towards the process component of the
system or towards the biotic component, where often the (prob-
ability of) persistence of species is used as a determinant of
stability (Walter 1980; DeAngelis et al. 1989; Walker 1995; Lal
1997; Lynch 2002).

When including a factor of learning and adaptation in the con-
cept of resilience, several authors have applied the term “socio-
ecological” resilience. Carpenter et al. described it as being re-
lated to the magnitude of shock that the system can absorb and
remain within a given state, the degree to which the system is
capable of self-organization and the degree to which the sys-
tem can build capacity for learning and adaptation (Carpenter
et al. 2001). In short, socio-ecological resilience is the capacity
to buffer change, learn and develop and reorganize while un-
dergoing change so as to retain essentially the same function,

structure, identity, and feedbacks (Folke et al. 2002; Folke et al.
2004). Adaptive capacity is a term for a broad class of flexible
learning responses (Walker et al. 2002).

ECOLOGICAL THEORY
How can resilience be measured? To approach this ques-

tion, hypotheses (or models) have to be formulated in order
to link the very definition of resilience with the experimental
observations.

One of the first hypotheses was already considered by Darwin
in 1859. He linked species richness to ecosystem resilience by
proposing that ecological stability increases with an increasing
number of species. The link between species diversity and re-
silience has been one of the most popular theories and gave rise
to several (sometimes competing) models. A step forward was
the recognition that species function rather than number was
more relevant, and based on this assumption other theories like
the redundancy and insurance hypothesis were developed.

The observation that different responses can occur within
similar environments was the trigger for additional theories such
as niche differentiation, complementarity, sampling effect, and
idiosyncrasy. These theories, for which species diversity is the
main driver, were complemented by others that suggested a link
between fluxes of nutrients or energy through a system and its
resilience. Both diversity and fluxes can be found combined in
food web models, where in some cases the diversity issue has
been drawn away from the pure species richness concept towards
functional diversity or even diversity of possible interactions.

Species Diversity
Darwin’s idea of ecological stability was formalized by

MacArthur, who proposed that the addition of species to an
ecosystem increases the number of ecological functions present
and that this increase stabilizes an ecosystem (Figure 2a)
(Peterson et al. 1998). Many examples have been found in which
resilience and increasing species richness were positively
correlated.

Initial research claimed to demonstrate benefits to ecosystem
function from higher biodiversity (Tilman & Downing 1994;
Naeem & Li 1998; Griffiths et al. 2000; Loreau 2001; Loreau
et al. 2001; Bengtsson 2002; Lynch 2002; Aoki 2003). However,
the positive correlation between diversity and resilience (and
stability) already received criticisms in the 70s: May, in 1973
observed that an ecosystem depending on more species would be
less stable (May 1988; Givnish et al. 1994; Andren et al. 1995;
Ulanowicz 2003). Similarly it was shown how food chains of a
longer length (with higher diversity) were less stable than shorter
ones (May 1988; DeAngelis et al. 1989).

Nowadays there is consensus that a minimum number of
species is essential for ecosystem functioning under constant
conditions and that a larger number of species is probably nec-
essary for maintaining the stability of ecosystem processes in
changing environments (Ekschmitt & Griffiths 1998; Loreau
et al. 2001).
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104 S. BOTTON ET AL.

FIG. 2. The relationship between stability of ecosystem function and diversity
according to different hypotheses (Peterson et al. 1998).

Functional Species Diversity
As mentioned above, the diversity–stability correlation could

not be explained just by a mere taxonomic diversity, and ecosys-
tem function and stability are more directly related to functional
diversity (Hulot et al. 2000; McCann 2000).

The observation that higher diversity does not necessarily in-
crease the functional stability of an ecosystem gave rise to the
redundancy and insurance hypotheses proposing that ecological
functions of different species may overlap and therefore influ-
ence the stability-diversity relationship (Figure 2b, c).

On the other hand, other hypotheses have attempted to ex-
plain the irregularities in the stability-diversity relationship by
alternative mechanisms: for example how keystone species may
emerge or be selected for, and how underlying ecological mech-
anisms constrain a direct stability-diversity relationship. In the
following section, we will discuss niche differentiation, sam-
pling effect, idiosyncrasy, and the effect of the metacommunity.

Redundancy and Insurance
Ecosystems are resilient when ecological interactions rein-

force one another and dampen disruptions. Such situations of
“biological insurance” may arise due to compensation when a
species with an ecological function similar to another species
(redundant species) increases in abundance as the other declines
(Holling 1996a; Naeem & Li 1998; Peterson et al. 1998). The
observation that ecological functions of different species can
overlap gave rise to new models. In 1981 Ehrlich et al. intro-
duced the rivets model suggesting that ecological function is
evenly partitioned among species, and that functional overlap
of different species ensures that even if a species is removed,
ecological function may persist because of the compensation
of other species with similar functions (Figure 2b). This was

further developed into the “redundant species” hypothesis: eco-
logical function is not distributed evenly among species, rather
species can be divided in drivers (or determinants or keystone
species) and passengers of the ecosystem. Ecosystem stability
(as the probability of all species persisting) is enhanced if each
important functional group of organisms comprises several eco-
logically equivalent species, each with different responses to
environmental factors (Walker 1992). As a consequence, the re-
moval of redundant species does not automatically imply loss of
function (Griffiths et al. 2000; Briones & Raskin 2003). In this
sense ecological redundancy has a positive effect as it enhances
resilience. Therefore those groups with (too) few species deserve
priority in conservation efforts. Besides, minor and unimportant
species may emerge as keystone species in changed environ-
ments so that redundancy also provides an opportunity for fur-
ther and future functions (adaptation) as well as a buffer from
extinction (Walker 1995; Clarke & Warwick 1998; Peterson et al.
1998).

The insurance hypothesis proposes that biodiversity provides
insurance or a buffer against environmental fluctuations, because
different species respond differently to these fluctuations, lead-
ing to more predictable aggregate communities or ecosystem
properties. In this sense, species that are redundant for an ecosys-
tem at a given time may not be redundant at a later point in time
(Naeem & Li 1998; Loreau et al. 2001; Hastings 2004; Loreau
2004). Nevertheless, this hypothesis does not infer that diversity
actively promotes stability (Loreau 2004).

A further contribution to the functional diversity—resilience
relationship was introduced with the functional—response di-
versity property that defines the diversity of responses to en-
vironmental change among species that contribute to the same
ecosystem function (Elmqvist et al. 2003). Response diversity
provides adaptive capacity in complex systems and,
consequently, ecosystems with high response diversity increase
the likelihood for renewal and reorganization into a desired state
after disturbance (Elmqvist et al. 2003; Folke et al. 2004).

Niche Differentiation, Sampling Effect, Idiosyncrasy,
and Metacommunity Mechanisms

Niche differentiation and facilitation increase the perfor-
mance of communities above expected performance of indi-
vidual species in monoculture: this concept has been termed
complementarity (Loreau et al. 2001; Naeem 2002).

According to the second mechanism, known as sampling ef-
fect, systems with higher community diversity are more likely
to contain species which perform better (Andrén & Balandreau
1999; Loreau et al. 2001; Naeem 2002). Both niche differentia-
tion and sampling effect therefore would affect the experimental
results when measuring stability and resilience in function of a
certain ecosystem function such as productivity, especially when
short term effects (either in time or space) are under investigation
(Loreau 2000).

The idiosyncratic model proposes that the degree of stability
in a community depends idiosyncratically on which species are
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RESILIENCE OF MICROBIAL SYSTEMS 105

present, suggesting that ecosystem function is contingent on
the ecological history of a region and the evolutionary history
of interacting species (Lawton et al. 1998). This model would
imply that the relationship between structure and function is
ecosystem-specific rather than universal (Peterson et al. 1998;
Emmerson et al. 2001; Van Straalen 2002). However, if the effect
of species diversity on ecosystem function is idiosyncratic, that
is if species identity rather than diversity matters, it becomes
very difficult to predict anything useful from measuring species
richness (Figure 2) (Bengtsson 1998).

Curtis focuses on the surrounding environment of a local
ecosystem of interest as the driving force in microbial com-
munity structure and termed it the metacommunity. The au-
thor applies the concepts of insurance, redundancy, sampling
effect, and niche differentiation while defining each local com-
munity as a sample of the metacommunity, which has very dif-
ferent implications for the important determinants of resilience
(Mouquet & Loreau 2002; Curtis & Sloan 2004; Leibold et al.
2004).

Flux Models
An entirely different hypothesis in resilience theory was based

on the idea that the ecosystems are characterized by fluxes
of energy and nutrients that are continuously passing through
the system. As a result, these fluxes could represent indica-
tors for the quantification of system resilience (DeAngelis 1980;
McCann 2000; Loreau 2001). DeAngelis reported how nutrient
cycling models predicted an increase in resilience as the mean
number of cycles that nutrient atoms make before leaving the
system decreased (DeAngelis 1980). Resilience might depend
on nutrient inputs, and nutrient limitation could stabilize the
dynamics of the system in terms of local stability (DeAngelis
et al. 1989). Similarly it was found that ecosystems generally de-
velop towards increased productivity and biomass, a decreased
productivity/biomass ratio and tighter nutrient cycling (Loreau
1998). However, in contrast to these models, Stone observed
how resilience ultimately diminishes as productivity becomes
large (Stone et al. 1996).

Food Webs
A first step towards the formulation of hypotheses based on

food webs is the realization that the complexity of whole eco-
logical communities—on the basis of which Odum, Elton, and
MacArthur formed their diversity–stability hypotheses—cannot
manifest itself in experiments that focus on single trophic levels
(McCann 2000). Pooling of species into “guilds,” or “functional
groups” or the admission that there are “keystone species” and
redundant species can also be seen as steps towards a hierar-
chical approach where species are ranked in a certain order ac-
cording to their interdependency and where their interactions
are described (Andrén & Balandreau 1999). Such a hierarchi-
cal approach, which at the same time links the general species
diversity, their function and the fluxes, is the food web model

(De Ruiter et al. 1995; Huxel & McCann 1998; Van Straalen
2002). The stability of these food webs has been studied and
several parameters have been proposed as indicators of stability
or resilience of the ecosystem under investigation.

Most food web models relating to ecosystem resilience were
based on the Lotka Voltera (1926) type, built considering each
different trophic level constituting a food chain. The first type of
food web, already mentioned by McArthur in 1955, was solely
related to diversity: “as the number of links in the food web
increases, the stability should increase.”

Increased complexity in the food web would lead to increased
resilience and larger systems tend to be less stable, unless they
are accompanied by an increasing relative number of paths, in
accordance with the observation that longer food chains have
a lower resilience (DeAngelis 1980; Walter 1980; May 1988;
Martinez 1992; Cottingham & Carpenter 1994; Schwartz et al.
2000; Aoki 2003; Ulanowicz 2003).

These observations were grouped into a more general hypoth-
esis, proposing that foodwebs with weak interaction strength
present a higher level of connectance (Yodzis 1982; McCann
2000; Dunne et al. 2002; Kokkoris et al. 2002). Ulanowicz later
proposed the term “ascendancy” as a measure derived from net-
works of trophic interactions and introduced the “ascendancy
principle” according to which in the absence of major perturba-
tions, ecosystems exhibit a tendency to increase in ascendancy,
concluding that for a system to be stable two mutually exclusive
attributes would be required: “system organization and system
overhead, where overhead is determined by the disorganized,
stochastic, inefficient, and incoherent aspects of a system’s ac-
tivity” (Ulanowicz 2003).

RESILIENCE IN PRACTICE

Resilience in Microbial Systems
The first issue to deal with when applying the concept of

resilience to a field situation or a laboratory experiment is the
organism-ecosystem paradox, which is related to the “holist”
versus “reductionist” perception of ecosystems (Andren et al.
1995; Holling 1996a, 1996b; Bengtsson 2002). Holistic
approaches imply that an ecosystem is not merely the sum of its
members and one should take into account for example all the
interactions (even those unknown), the evolutionary aspect (his-
tory), the “outside environment,” the genetic potential etc. Even
though it appears to be the most appropriate one, the holistic
approach is not commonly used, for obvious practical reasons.
Often a reductionist approach, i.e. to take the system apart and
rebuild it from individual components, is more conveniently ap-
plied either in a constructive or a destructive manner. In the
first case, communities are constructed with different levels of
diversity by adding a varying number of species to the sys-
tem (McGrady-Steed et al. 1997; Naeem & Li 1998; Griffiths
et al. 2000; Müller et al. 2002; Van Straalen 2002). The de-
structive approach implies a reduction of diversity as a conse-
quence of a specific treatment, for instance the application of a
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certain perturbance to a soil sample followed by the monitor-
ing of the effects on the microbial communities (Griffiths et al.
2000; Griffiths et al. 2001; Westergaard et al. 2001; Griffiths
et al. 2004; Müller et al. 2004).

In order to circumvent the limitations that a reductionist ap-
proach could pose, other experimental set-ups have been pro-
posed, such as the terrestrial model ecosystem or mesocosms
in which a part of an ecosystem is isolated in such a way that
there is as much control as possible on certain variables while
the system is kept in its natural environment (Van Straalen 2002;
Feris et al. 2004). Nonetheless, the issue of how scale influences
outcome looms over microcosm experiments—can we extrapo-
late results to the whole ecosystem (McCann 2000)? And more
generally, how is the experimental set-up of such experiments
affecting the validity of the results in a larger context (Müller
et al. 2002; Briones & Raskin 2003)? A new ambitious attempt
to bridge the scale between field and laboratory perspectives
is represented by the “Ecotron” project, in which multitrophic
communities are built and monitored over long periods and un-
der controllable conditions (McCann 2000).

The existing literature provides many examples of resilience
studies in which a destructive approach is applied to the
microbial systems under investigation. It is often the case that
the quantification of resistance and/or resilience is based upon
the engineering definition reported before: resistance is there-
fore calculated as the percentage of change from a control and
resilience is quantified as the change of resistance over
time.

For example Griffith et al. 2000 and 2001 investigated the
effects of different disturbances (fumigation followed by tran-
sient heat and persistent copper perturbations) on the functional
stability (decomposition rate, nitrification, respiration etc.) in re-
lation to microbial community composition measured in terms of
bacterial biomass and phospholipidic fatty acids (PLFA) and de-
naturing gradient gel electrophoresis (DGGE) profiles in many
different soils. Some resilience studies have focussed on the mi-
crobial communities and measured total microbial diversity or
microbial community composition in relation to a disturbance
in the soil (Loreau 2001; Lynch 2002; Grayston et al. 2004;
Griffiths et al. 2004; Lynch et al. 2004; Griffiths et al. 2005). In
some cases a positive link between biodiversity and resilience
as well as faster recovery after transient stress could be ob-
served (Griffiths et al. 2000; Griffiths et al. 2001; Müller et al.
2002; Ekelund et al. 2003; Feris et al. 2004). However, it appears
that functional stability is more related to specific components
within microbial communities that are possibly not yet fully un-
derstood (Andren et al. 1995; Griffiths et al. 2001; Griffiths et al.
2004; Heemsbergen et al. 2004). Similarly, other studies have
also suggested that community structure rather than diversity
would be a more appropriate parameter in the assessment of
disturbance effects towards system function on soil populations
(Westergaard et al. 2001). Moreover, the diversity-function re-
lationship relies on the assumption that diversity, in terms of
species richness, can be measured. Nevertheless it was already

argued that severe difficulties affecting the measurements of
species richness in soil protozoa and microorganisms represent
a serious obstacle to any investigation (Ekschmitt & Griffiths
1998).

Yet new approaches are under development: a combination
of biological and physical parameters to assess the effects of
disturbances (such as metal contamination) on the biological
and physical stability and resilience of soil has been recently
proposed (Griffiths et al. 2005).

A remarkable long-term research was carried out in order
to study microbial community dynamics in engineered ecosys-
tems such as anaerobic methanogenic bioreactors. Using sev-
eral molecular fingerprinting techniques, it was shown that these
systems contain highly dynamic communities, which however
maintained stable ecosystem function (measured as COD re-
moval and pH of the effluent) over a period of almost two
years when operated under constant conditions (Fernandez et al.
1999). When the same set-up was utilized to evaluate the re-
sponse of the system in terms of functional stability and commu-
nity structure in reaction to a disturbance (glucose shock) very
interesting outcomes emerged. Two sets of bioreactor communi-
ties were established that differed in their respective methanogenic
populations with one set being characterized by lower species
diversity than the other (in Figure 3A an example of the multi-
ple substrate routes within methanogenic communities is given).
The two systems reacted differently in terms of accumulation of
intermediates in response to the perturbation and, in particu-
lar, the community in the reactor with lower diversity was able
to channel substrate through parallel pathways that eventually
enabled a faster recovery, whereas in the more diverse commu-
nity the serial substrate processing required a longer recovery.
This observation seems to support the hypothesis that a net-
work of multiple routes for substrate flow confers greater func-
tional stability (Hashsham et al. 2000). Moreover the evaluation
of population dynamics revealed that the less diverse but more
functionally stable community was less stable in terms of com-
munity structure or, in other words, more flexible. Also, some
numerically minor members of the community responded to the
perturbation and in general a pronounced shift in relative abun-
dance of fermentative bacteria was observed.

This implies that functional stability does not necessarily cor-
relate with stability in community structure and even suggests
that a less flexible or more “stable” microbial community struc-
ture results in poor functional stability following a significant
perturbation. This may be because organisms that are domi-
nant under steady-state conditions are not necessarily the or-
ganisms best adapted to perturbed conditions (Fernandez et al.
2000).

The pattern of metabolite accumulation in response to the
perturbation was utilized for the quantification of various pa-
rameters including resistance, resilience, and reactivity for each
product, according to a new stability parameter: “moment of
amplification envelope” as shown in Figure 3B. The two main
parameters obtained from the envelope depicted in Figure 3B are
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FIG. 3. Anaerobic food chain as a network of substrate flow through a
methanogenic community (A) and ecological parameters of functional stability
(B). Reprinted with permission (Hashsham et al. 2000).

resistance and resilience, where resistance of a community with
respect to an intermediate product was defined as the maximum
accumulation of the product and is a measure of the buffering
capacity of the community with respect to the corresponding
intermediate product. Resilience was defined as the time taken
by the accumulated intermediate product to return to its refer-
ential state.

From these studies we can therefore conclude that those sys-
tems characterized by lower community diversity but higher
flexibility, in terms of parallel flow-of-substrate pathways and
population dynamics, are more resilient towards a perturbation.
In addition, ecosystem stability would be the outcome of func-
tional redundancy, which is ensured by the presence of a reser-
voir of species able to perform the same ecological function
(Briones & Raskin 2003).

Resilience and Environmental Management
Resilience is more than the sum of processes taking place

in a defined system; it is related to the mechanistic understand-
ing of ecosystem behavior under changing conditions. In the
sense of environmental policy making and management, as al-
ready mentioned in the introduction, resilience does not al-
ways have a positive connotation and is thus not necessarily
desirable.

If we look at a hypothetical environmental system after a cer-
tain perturbation has occurred, we can identify a set of six possi-
ble scenarios that could characterise the new system (Figure 4).
The different scenarios also imply varying degrees of manage-
ment effort (or input) that should be applied in order to reach
the desired situation (in this case we assume that the desired sit-
uation is “clean”) is related to the resilience of the system under
investigation.

If we assume that a pristine (unpolluted) aquifer becomes
polluted, one of the possible approaches to face this new and
undesirable situation could be to investigate whether bacteria
are present that could actively degrade and remove a certain
harmful pollutant: in this case biodegradation could be a tool
for remediation or natural attenuation. If this is indeed the case,
the system could be returning to the original state once the pol-
lutant is being removed by the indigenous microorganisms (case
A in Figure 4). Also, because the previous stability domain (or
valley of Figure 1) will be reached again, the system proved to
be ecologically resilient (case A) towards that particular pertur-
bation (pollution). In ecological terms, the system was highly
resilient toward a specific disturbance and it is therefore moving
back to its original equilibrium.

However, the same result in terms of pollution removal could
have been reached via a totally different route, assuming that
after the disturbance occurred, the same system has reached a

FIG. 4. Assessment of a hypothetical system after a perturbation has occurred.
The resilience of the system is related to the shape of the curve as depicted in
Figure 1. Resilience changes as the characteristics of a system change. When
taking into account that a disturbance may have reshaped the original curve, or
the system may have moved to another attraction domain, it can occur that the
resilience of a system before and after the perturbation are not related anymore.
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new equilibrium that is profoundly different from the previous
(pristine) environment (case D) and although “clean” it could
now for example host different species, or new food webs could
be established and novel interactions might have developed. In
this case, the final goal has been met as in the previous case
but a new environment different from the starting one has de-
veloped. Ecological theory would then say that the system was
not resilient because a novel stable equilibrium that is drastically
different from the original one (the system has moved to another
domain of attraction) was reached.

Similarly, if we assume that the system after the perturbation
is moving back towards its original equilibrium, which therefore
is a clean situation, scenario C and F are also possible. The
resilience of the current system may be high or low, nevertheless
the goals for clean-up are being met.

A comparison of the clean scenarios that a system could reach
when it has high resilience (A and C) with the clean scenarios of a
system with low resilience (D and F) suggests that management
efforts are generally more needed for those systems with low
resilience in order to speed up the return to the equilibrium after
the displacement. Also, such efforts should aim at keeping those
systems within the boundaries of the valley of Figure 1, as low
resilience implies higher vulnerability.

In contrast, for cases B and E, where a new polluted equilib-
rium has developed, the situation in which the system has high
resilience (B) is less desirable than the one with low resilience
(E) because higher effort is needed to bring about changes to
a system with high resilience. The same consideration would
apply for scenarios A and D if the aims were directed towards
bringing the system back to all its original values as before the
perturbation happened.

It is important to realize that it is hardly possible to assess the
degree of resilience towards external disturbances of a system
before a perturbation actually occurred, since the original con-
ditions and the size of the perturbation applied are generally not
known.

Concluding, according to the hypothetical system of Figure 4
it becomes evident that resilience alone is not suitable as the
driving parameter on the basis of which the management of a
polluted system is developed. High or low resilience could both
be desirable for restoration of a polluted aquifer depending on
the initial conditions and on the very system under investigation

RESILIENCE IN MICROBIAL ECOLOGY:
CONSIDERATIONS

It is clear that the limited number of resilience studies ad-
dressing soil ecosystems and including the microbiota makes it
difficult to choose a universal method for measuring resilience
in these ecosystems. Already within the soil, a distinction be-
tween top soil or subsoil studies can be made: top soil processes
are more related to the above ground ecosystem, and the inter-
est is often restricted to the main element cycles of C, N, P,
and S. Fluxes of these elements or overall rates of microbial

activity have been used to study the influence of the microbial
community on overall ecosystem processes (Nannipieri et al.
2003; Lynch et al. 2004). However in subsoil and aquifers, the
main concern when evaluating a property like resilience, is the
self-purifying ability (by natural attenuation or biodegradation)
of the soil after pollution has occurred. In this case concentra-
tions of residual pollutant are generally the most important target
parameter (Curtis & Sloan 2004).

When translating existing hypotheses to soil microbial com-
munities it is important to realize that the above ground effects
of biodiversity on ecosystem functioning may not be the same as
those relationships occurring below ground, due to some funda-
mental differences in the physical structure of above- and below
ground systems (Lawton et al. 1998; Griffiths et al. 2000; Grime
2003). Even though significant effects of species diversity on
soil resilience have been demonstrated, the experiments were
focused on effects of plant diversity on primary production and
nutrient retention. The reason these experiments often failed to
detect significant effects on below-ground decomposition pro-
cesses could be that these processes are under microbial control
(Loreau 2001).

Choice of Strategy
The first point to be considered when designing experiments

aimed at studying resilience is how the different practical choices
and theoretical assumptions will affect the applicability of the
results. Even with all the presently available techniques a re-
ductionist approach is often applied for studying resilience in
microbial ecosystems: a simplified community in an engineered
closed system like a reactor with full control of the variables
or a single species or (functional) group study. When using
such an approach, the resulting communities have unrealisti-
cally low species diversity and only culturable organisms can
be used (Müller et al. 2002; Briones & Raskin 2003). Also with
enrichment techniques, microbial communities could be unrep-
resentative of in situ community structure and again culturable
species will be selected for.

Even though it is difficult to extrapolate results obtained in
these experiments to whole ecosystem dynamics, with the ad-
vent of functional ecogenomic strategies that aim at unravelling
genetic and metabolic diversity and activity of microbial popu-
lations in metacommunities, the approaches may take a new turn
towards more integrative (or holistic) approaches: a challenging
prospective at the moment (Daniel 2004; Eyers et al. 2004).

Choice of Parameters and Reference (Control)
Another aspect that greatly influences the outcome of a study

is the choice of monitored parameters and reference system.
Probably the most important issue in any resilience study is the
determination of the base line (Orwin & Wardle 2004). This
aspect is also linked to the choice of which measurable pa-
rameters to apply in the whole study (Duelli & Obrist 2003).
How can the stability of an undisturbed system be determined?
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What is an undisturbed system (Van Straalen 2002)? Each choice
will largely depend on the human interest in the function of the
specific ecosystem: e.g. in the case of arable land, plant pro-
ductivity parameters are often taken along or in the case of
a polluted aquifer the central question would be how harmful
the contaminants are for both the environment and the
population.

In many cases the indicators and parameters applied are cho-
sen on the basis of the very ecosystem under observation and
the scale and the perturbation that is being considered (Peterson
et al. 1998). The stability of a system is therefore also related to
this choice, as it was shown by Fernandez: a long-term stability
in reactor performance (chemical parameters) was not related
to stability in the microbial community (Fernandez et al. 1999;
Fernandez et al. 2000; Hashsham et al. 2000).

Also the methodology may influence the final results: it has
been shown that already the choice of DNA extraction meth-
ods can produce inconsistent results (Westergaard et al. 2001;
Ranjard et al. 2003).

Moreover, the stability of a system is also related to its history.
For an organism to grow it may be necessary that another or-
ganism has modified the environment previously (Andren et al.
1999). The effect of a new disturbance on the system also de-
pends on previous events, their duration and their specificity:
after a transient disturbance a system could have returned to
its former state, whereas a permanent disturbance could have
resulted already in a new state (Müller et al. 2002). When de-
termining reference points, these “historical” characteristics are
inadvertently taken along and may have an influence on the out-
come of the study.

Cultivation vs. Molecular Approaches
It should also be pointed out that there are many practical dif-

ficulties in studying a microbial ecosystem. It is generally known
that many soil microorganisms cannot be cultivated, a large frac-
tion of soil bacteria remains undescribed and as Griffith already
mentioned, neither for bacteria, fungi nor for protozoa, we are
able to link the large taxonomic diversity in soil to the function-
ing of microbial ecosystems (Griffiths et al. 2000; Palumbo et al.
2004).

With the advent of molecular techniques a whole range of new
options have become available for studying microbial ecosys-
tem structures in situ. Lynch and Nannipieri presented a variety
of options, including the analysis of molecular taxonomic mark-
ers, mRNA, and enzyme activity as the accumulated pool of a
biological reaction in the soil which can again be measured by
more precise chemical methods (Nannipieri et al. 2003; Lynch
et al. 2004). Newly emerging techniques such as stable isotope
probing (SIP) and microautoradiography–fluorescent in situ hy-
bridization (MAR-FISH) or catalyzed reporter deposition–
fluorescent in situ hybridization (CARD-FISH), that are specifi-
cally aimed at linking identity to function, can also help overcome
some of the problems (Hugenholtz et al. 1998; Rodrı́guez-Valera
2002; Daniel 2004; Eyers et al. 2004; Guichard et al. 2004;

Lynch et al. 2004; Riesenfeld et al. 2004; Streit & Schmitz 2004;
Hartmann et al. 2005; Liu & Zhu 2005).

Catastrophic Shifts, Adaptation and Evolution
An additional dimension with respect to the role of microbial

diversity in natural systems is related to the microbial adapta-
tions to spatial and temporal variations in the environment: bac-
teria live in a dormant state until conditions become favorable,
(supporting the insurance hypothesis) (Loreau et al. 2001). Real
ecosystems are driven and shaped largely by stochastic events
and for these systems the spatial distributions of species and their
interactions are likely to be governed by chance more than any-
thing else (Scheffer et al. 2001; Scheffer & Carpenter 2003). Fur-
thermore, because deterministic physical processes could hardly
describe such systems, the concept of resilience becomes almost
meaningless: how could perturbed populations return to some
fundamental dynamic behavior (equilibrium or periodic oscilla-
tion) if there is no deterministic regulation (Stone et al. 1996)?
Therefore, most of the classical equilibrium approaches may be
inadequate to understand stability properties such as resilience
and resistance at ecosystem level. New approaches should be
developed that take into account the dynamics of diversity and
the potential for adaptation through phenotypic plasticity, evo-
lutionary changes, and species replacement (Loreau et al. 2001).
Indicators of adaptive capacity should address the ability of the
ecosystem to cope with change. In biotic systems, adaptive ca-
pacity is related to genetic diversity (because the rate of evolution
is proportional to the variability that selective forces can work
on), biodiversity (for example, portfolio effects), and the het-
erogeneity of landscape mosaics (Peterson et al. 1998; Loreau
2000). By using functional ecogenomics approaches different
parameters are taken into account, including a certain measure
of genetic adaptive capacities (Riesenfeld et al. 2004; Streit &
Schmitz 2004; Stauffer et al. 2005). Experiments dedicated at
studying the relationships between these new parameters and
ecosystem dynamics may lead to reformulation of existing hy-
potheses or improved formulation of existing ones.

SUMMARY
Nowadays environmental managers and policy makers fre-

quently adopt the term resilience when discussing environmental
protection strategies. However, the concept of resilience is not
well defined and this is especially true for ecosystems governed
by microbial interactions.

A review of the literature of the last decade shows that the
concept of resilience in systems ecology has been applied in
numerous studies over the past fifty years: a variety of defini-
tions have been formulated and a large number of experimental
approaches to test them have been proposed. Only a few stud-
ies have investigated the resilience of subsoil and groundwater
ecosystems including the microbial community structure and
function. Moreover, the necessary simplification required to ap-
proach such studies has inevitably brought a reduction of the
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microbial community into one (bacteria) or few functional groups
and very few studies have described stability and resilience in a
solely microbial ecosystem.

Resilience is the outcome of more than merely the sum of
the processes taking place; it is related to the mechanistic un-
derstanding of ecosystem behavior under changing conditions.
To study resilience of an ecosystem it is therefore necessary to
create a true full picture of that system and this may also include
its history and possible future genetic capacity. A combination
of techniques that include the overall biogeochemical processes,
microbial activity, and taxonomic or genetic diversity will help
linking the microbial structure and diversity of a soil to its
function.

In the sense of environmental protection, resilience should
not be confused with other terms like natural attenuation or
biodegradation as it does not always have a positive connotation
or it is not necessarily desirable. When setting goals for envi-
ronmental protection, it is important to use well defined terms
that clearly point out what is the final goal with respect to the
specific system under investigation and the desirable end result
of the undertaken action.

In this paper we aim at summarizing the current definitions of
resilience in systems ecology and how they are applied in prac-
tice, with special attention to systems governed by microbial
processes, as is the case for subsoil and groundwater ecosys-
tems. This review has led to some reflection on the suitabil-
ity of the term “resilience” as a general goal in environmental
policies.

While scientists are gaining new tools and applying novel
methodologies to study microbial systems at different scales
and resolution, policymakers and managers should be aware of
gaps and open questions in theories and therefore apply the term
“resilience” with caution, without confusing it with generally ac-
cepted and well defined concepts like biodegradation or natural
attenuation. As long as there is no real consensus on which are
the parameters of resilience in an ecosystem, the only way one
could evaluate the degree of resilience of a system is to study
the “before” and after” situations. The outcome of a study will
always depend on the ecosystem under consideration, the choice
of parameters to measure and the choice of functions or set of
characteristics taken into account at the starting situation.

With the advance of biomolecular techniques scientists have
obtained new tools to investigate these systems in more detail
and with greater resolution. It is time therefore to revisit the ex-
isting concepts and hypotheses and discuss their applicability
to ecosystems ruled by microbial processes. A new challenge
lies ahead for microbial ecologists: to formulate improved hy-
potheses on resilience sustained by novel results and advanced
methodologies, allowing for more holistic approaches.
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Häggblom, M.M., Knight, V.K., and Kerkhof, L.J. 2000. Anaerobic decom-
position of halogenated aromatic compounds. Environmental Pollution 107,
199–207.
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